Hyphae of ascomycetes are compartmentalized by septa. The central pore in these septa allows for cytoplasmic streaming. However, many of these pores are closed by Woronin bodies in Aspergillus, which prevents cytoplasmic mixing and thus maintains hyphal heterogeneity. Here, glucose uptake and transport was studied in Aspergillus niger. Glucose uptake was higher in the hyphal population with high transcriptional activity when compared to the population with low transcriptional activity. Glucose was transported from the colony center to the periphery, but not vice versa. This unidirectional flow was similar in the wild-type and the DhexA strain that does not form Woronin bodies. This indicated that septal plugging by Woronin bodies does not impact long distance glucose transport. Indeed, the glucose analogue 2-NBDG (2-(N-[7-nitrobenz-2-oxa-1,3-diazol-4-yl]amino)-2-deoxyglucose) translocated to neighboring hyphal compartments despite Woronin body mediated plugging of the septum that separated these compartments. Notably, 2-NBDG accumulated in septal cross walls, indicating that intercompartmental glucose transport is mediated by transporters that reside in the plasma membrane lining the septal cross-wall. The presence of such transporters would thus enable selective transport between heterogeneous compartments.
Introduction
Filamentous fungi form mycelia consisting of interconnected hyphae that grow at their apices and that branch subapically. Hyphae of the Ascomycota and the Basidiomycota are compartmentalized by septa. These septa consist of invaginations of the cell wall that are lined with the plasma membrane and have a central pore of 50-500 nm (Shatkin and Tatum, 1959; Moore and McAlear, 1962; Lew, 2005) . These pores allow streaming of cytosol and even organelles thus enabling mixing of cytoplasm throughout the mycelium. However, Woronin bodies plug approximately 40-50% of the apical septa of hyphae at the periphery of colonies of Aspergillus, while the incidence of plugging increases up to 100% in the sub-peripheral colony region (Bleichrodt et al., , 2015 . Therefore, cytoplasmic continuity is restricted in an Aspergillus mycelium (Bleichrodt et al., , 2015 .
The restricted cytoplasmic continuity in the Aspergillus mycelium explains why heterogeneity can be observed between zones of a colony with respect to gene expression, growth, and secretion (Wösten et al., 1991 Moukha et al., 1993a,b; Masai et al., 2006; Levin et al., 2007a,b; Kasuga and Glass, 2008; de Bekker et al., 2011a,b; Krijgsheld et al., 2012 Krijgsheld et al., , 2013 . Even hyphae within a zone of a mycelium can be heterogeneous with respect to cytoplasmic composition (Wösten et al., 1991 Moukha et al., 1993a; Teertstra et al., 2004; Vinck et al., 2005 Vinck et al., , 2011 Etxebeste et al., 2009; de Bekker et al., 2011a,b; Bleichrodt et al., 2012; van Veluw et al., 2013; Knaus et al., 2013) . For instance, two populations of hyphae can be distinguished at the periphery of an Aspergillus niger colony: those with a low and those with a high transcriptional and translational activity (Vinck et al., 2011) . The existence of distinct hyphal types in Aspergillus can be abolished by inactivation of hexA that encodes the major component of Woronin bodies (Jedd and Chua, 2000) . These organelles are no longer formed in the absence of hexA and, as a consequence, septal plugging is rarely observed Bleichrodt, 2012) .
Here, it is shown that glucose uptake in A. niger is higher in hyphae with a high transcriptional activity when compared to hyphae with low transcriptional activity. It is also shown that glucose transport is not affected by septal plugging, explained by transport of glucose via the plasma membrane that lines the septal cross-wall.
Materials and methods

Strains and growth conditions
Strains of A. niger and A. oryzae (Table 1) were grown at 30°C in boxes with constant light ($700 lux). Colonies were grown as sandwiched cultures using MM (0.6% NaNO 3 , 0.15% KH 2 PO 4 , 0.05% KCl, 0.05% MgSO 4 Á7H 2 O, 0.2 ml l À1 Vishniac [per liter: 10 g EDTA, 4.4 g ZnSO 4 , 1.01 g MnCl 2 , 0.32 g CoCl 2 , 0.315 g CuSO 4 , 0.22 g ammonium heptamolybdate, 1.47 g CaCl 2 and 1.0 g FeSO 4 ; Vishniac and Santer, 1957] , pH 6.0) containing 1.5% agar and 200 mM xylose or 25 mM maltose as carbon source. 2 ll spore suspension (a total of 1000 spores) was added on top of a PC membrane (76 mm; Profiltra, Almere, the Netherlands) overlaying 25 ml agar medium in a 9-cm Petri dish. After 24 h a Lumox membrane (20 Â 20 mm, manually cut; Greiner Bio-One, Alphen a/d Rijn, the Netherlands) was placed on top of the culture with the hydrophobic site facing the colony (de Bekker et al., 2011a) . When cultures were grown for more than 3 days a 76 mm PC membrane was used instead of a Lumox membrane. Alternatively, 5000 spores were seeded in poly-d-lysine coated glass bottom dishes (P35GC-1.5-14-C; MatTek, Ashland, USA) in 2 ml MM + 25 mM maltose liquid medium and grown for 24 h.
Spores were harvested from 3-day-old cultures that had been grown on complete medium (MM with 0.2% tryptone, 0.1% casamino acids, 0.1% yeast extract, 0.05% yeast ribonucleic acids, and 1% glucose) using 0.9% NaCl (w/v), 0.05% (v/v) Tween-20. Spores were routinely diluted to a final concentration of 5 Â 10 5 spores ml À1 . Spores were diluted to 1 Â 10 8 spores ml À1 in the case of radioactive labeling experiments.
Expression of RFP
Gene TagRFP-T was amplified by PCR using Phusion Ò High-Fidelity DNA polymerase (Fisher Scientific, Landsmeer, the Netherlands), TagRFP-158T-C1 plasmid DNA (Merzlyak et al., 2007) and primers 5 0 -GTTCCATGGGTGCTGGTGCTGGTGCTGGTGCT GGTGCTATGGTGTCTAAGGGCG-3 0 and 5 0 -AAGCTTTCAATTAAGTTT GTGCCCCAG-3 0 . The blunt end PCR product of TagRFP-T was inserted in the SmaI site of pUC19. The cloned fragment was cut from the resulting vector pRB068 with NcoI/HindIII and ligated in pGPDGFP (Lagopodi et al., 2002) that had been digested with the same enzymes. The resulting plasmid pRB069 encompasses TagRFP-T under control of the Aspergillus nidulans gpdA promoter and the trpC terminator.
Transformation
Protoplasts of A. niger were obtained according to de Bekker et al. (2009) and transformed using polyethylene glycol (Punt and van den Hondel, 1992) . N593 was co-transformed with pRB069 and pGW635 that contains pyrG as a selection marker (Goosen et al., 1989) . Transformants were selected on MMS medium (MM with 0.95 M sucrose and 1.5% agar) based on pyrG prototrophy. A representative transformant RB#69.1 was selected based on RFP fluorescence.
Short distance inter-compartmental glucose transport
The wild-type A. niger strain N402, and strain RB#69.1 that expresses TagRFP-T (henceforth called RFP) controlled by the gpdA promoter, were grown as sandwiched colonies (see above; Wösten et al., 1991) on MM with 25 mM maltose as carbon source. After 1-2 days, the colonies were transferred for 1 or 24 h to MM without a carbon source or with 25 mM maltose containing 200 lM of the inert fluorescent glucose analogue 2-NBDG (Oliveira et al., 2002) (Life Technologies, Bleiswijk, the Netherlands). Alternatively, strain N402 was grown for 24 h as a liquid culture in a poly-d-lysine coated glass bottom dish (see above) using MM with 25 mM maltose, after which the medium was replaced with MM containing 200 lM 2-NBDG and incubated for 1-2 h.
2-NBDG fluorescence at the colony level was monitored using a Leica MZFLIII binocular (Leica Microsystems CMS, Mannheim, Germany) equipped with a HBO 100 W mercury lamp and a Photometrics Cool SNAP camera (1392 Â 1024 pixels) connected to a computer. Uptake of 2-NBDG in individual hyphae was visualized by CLSM with an inverted Zeiss LSM 5 system using a Plan-Neofluar 25Â/0.8 Imm corr objective (Carl Zeiss Micro-Imaging, Oberkochen, Germany) with oil immersion, a 488 nm laser (5 mW power), a pinhole of 2.9 airy units, a pixel dwelling time of 1.60 ls, and a LP530 filter. Images were captured as 512 Â 512 or 1024 Â 1024 pixels.
To study intercellular 2-NBDG flow between hyphal compartments a Leica SP8 confocal system (Leica Microsystems CMS, Mannheim, Germany) was used with the internal FRAP mode with the Argon laser at 69.8% power. Photo-bleaching was obtained by 10 s exposure (continuous scanning) to 50% 488 nm light (Argon laser) using a pinhole of 3.0 airy units. Time-lapse movies of 1 min were produced with an image captured every 1.3 s (HC PL APO UVIS CS2 63Â/1.20 W CORR objective, pinhole 3.0 airy units, 488 nm Argon laser at 5%, continuous emission filter 505-600 nm, PMT detector). 2-NBDG content was measured in 20 wide and thin hyphae as arbitrary fluorescence units in $100 lm 2 ROIs using imageJ 1.48 v. A T-test was performed to compare the levels of 2-NBDG in wide and thin hyphae. Differences were assumed significant when p < 0.05.
FRAP was performed using a Zeiss LSM 700 system with a Plan-Neofluar 40Â/1.3 objective (Carl Zeiss Micro-Imaging, Oberkochen, Germany) with oil immersion to study intercellular 2-NBDG and RFP flow in strain RB#69.1. Time-lapse movies of 2-5 min were obtained by CLSM with an image taken every 1.97 s. Photo-bleaching of 2-NBDG was obtained by a 5 s exposure to 12.5 mW 488 nm laser light. RFP was monitored using a LP 560 filter and CLSM settings of 0.05 mW 543 nm laser power, pinhole 3.03 airy units, pixel time 1.60 ls, and 1.97 s scan time.
Photobleaching of RFP was performed for 10 s with 0.5 mW 543 nm laser light.
Monitoring long distance glucose transport
Five-day-old xylose-grown sandwiched colonies of A. niger strains N402 and N402DAnhexA and A. oryzae strains NSRKu70-1-1AS and NSRK-DHÂ5 were transferred to fresh solid medium containing 25 mM maltose or to a medium without a carbon source. Colonies were labeled with 1 lCi [ 14 C]D-maltose (specific activity, 2.04 gBq mmol À1 ; MP Biomedicals, Amsterdam, the Netherlands) or [ 14 C]3-O-methyl-D-glucose (specific activity, 2.04 gBq mmol À1 ; MP Biomedicals) for 5 or 24 h. Label was absorbed to a rice paper disc (diameter 20 mm) and placed on top of the sandwiched culture either at its center or periphery. After labeling, colonies were either or not fixed with 4% formaldehyde for 1 h at RT. Colonies were washed 3 times for 60 min with 100 mM D-maltose or 100 mM D-glucose at RT. After air-drying, colonies were exposed to Kodak X-OMAT films (Sigma-Aldrich, Zwijndrecht, the Netherlands).
Heterogeneity within Aspergillus colonies
To monitor heterogeneity in glucose uptake, a 1-day-old xylose grown sandwiched A. niger culture was transferred to MM with 200 lM 2-NBDG immediately after placing the Lumox membrane (see growth conditions). After 42 h of growth, the sandwiched colony was transferred for 6 h to MM plates containing 25 mM maltose. The Lumox membrane was removed and a piece of the polycarbonate membrane (approximately 10 Â 10 mm) carrying the colony was cut and placed up-side-down in a glass bottom microscopy dish (MatTek, Ashland, USA; P35G-1.5-20-C) on a 20 ll drop of MM. 2-NBDG and dTomato fluorescence was monitored on a Zeiss LSM 700 AxioObserver system equipped with a Plan-Apochromat 20Â/0.8 M27 objective (Carl Zeiss Micro-Imaging, Oberkochen, Germany). 2-NBDG was excited with a 10% 488 nm laser BP 490-555, and dTomato with a 10% 555 nm laser LP560 in multi-track mode. Images were captured as Z-stacks of optical slices; pinhole 98 lm (2-NBDG), 104 lm (dTomato); interval 1.00 lm; 8 bit scan depth, pixel time 1.58 ls, line average 2). Maximum intensity projections of the Z-sections (1024 Â 1024 pixels) were used for further analysis. The fluorescence intensity was quantified by measuring the mean pixel value of hyphae using a macro in the KS400 software (Version 3.0; Carl Zeiss Vision, Sliedrecht, the Netherlands). Hyphal regions of interest of $50 lm were selected manually and fluorescence was automatically quantified as the sum gray value per hypha with the background value from an equivalent area subtracted (Vinck et al., 2005) . Signals were normalized with a custom Python script by dividing single hyphal fluorescence by the total fluorescence of all selected hyphae per image. To examine whether hyphal fluorescence followed a bimodal distribution, the normalized data were log transformed and subsequently modeled using 5 parameters (p, l 1 , r 1 , l 2 en r 2 ) as described (Vinck et al., 2005) . 95%
Confidence Intervals (CI) of the parameters were estimated by bootstrapping (1000 replicates). Customs scripts in the Scilab programming language were used to fit the data (http://web.science. uu.nl/microbiology/images/fung/fittools.zip).
Results
Long distance streaming of glucose
Sandwiched colonies of A. niger strain N402 were grown for 5 days on 200 mM xylose, after which they were transferred to medium containing 25 mM maltose or to medium without a carbon source. After transfer, the center of colonies was exposed for 5 or 24 h with 1 lCi (i.e. 7.2 10 À4 mM) 14 C-labeled maltose applied on a 2 cm disc of rice paper. D-maltose is extra-cellularly converted into glucose, which is taken up by the fungus and metabolized (vanKuyk et al., 2012) . Autoradiography showed that part of the 14 C-glucose that had been taken up had been transported to the periphery of the colony (Fig. 1A) . Labeling was more intense when colonies had been labeled for 24 h instead of 5 h and when the medium did not contain a carbon source. However, distribution patterns were similar (data not shown). Labeling of N402DhexA (Fig. 1E ) was similar to strain N402 (Fig. 1A) . Thus, septal pore plugging by Woronin bodies does not impact the transport of glucose through the colony.
By fixing colonies with formaldehyde and washing with non-labeled maltose (as in Fig. 1A and E) only label that has been incorporated in macro-molecules (e.g. polysaccharides, nucleic acids and proteins) will be retained in the colony. In contrast, labeled glucose or other small organic molecules also remain in the mycelium by washing non-fixed colonies (Levin et al., 2007a) . No difference in the spatial distribution of label was observed between fixed and non-fixed colonies (Compare Fig. 1A and E with Fig. 1B and F ). This shows that 14 C-glucose is readily incorporated into macro-molecules. The rapid metabolism of the sugar may impact its distribution through the mycelium. Therefore, colonies were labeled with the inert glucose analogue 14 C-3-OMG. Distribution of 3-OMG in fixed wild-type and DhexA colonies was different from that of 14 C-glucose (compare Fig. 1A and E with Fig. 1C and G) . In the case of 3-OMG, label was present at the periphery, but was absent where it was taken up (i.e. in the colony center). Apparently, 3-OMG quickly moves outwards after uptake. Non-fixed colonies that had been labeled with 14 C-3-OMG contained more label than fixed colonies (compare Fig. 1C and G and Fig. 1D and H) . Apparently, most of the 14 C-3-OMG label is washed out in the fixed samples illustrating that most of the label is not incorporated into macro-molecules. The fact that fixed colonies do contain 14 C-label suggests that A. niger can metabolize this inert sugar analogue, albeit at a low level.
Glucose and 3-OMG did not translocate to the center of the colony when 14 C-maltose or 14 C-3-OMG was applied at the periphery of the N402 or N402DhexA mycelium (Fig. 2) . In contrast, they did move laterally within the colony periphery (Fig. 2 ). All labeling experiments described above were also performed with the A. oryzae control strain NSRKu70-1-1AS and the DhexA strain NSRK-DHÂ5. Similar results were obtained when compared to the A. niger strains N402 and N402DAnhexA (data not shown). Taken together, the results show that glucose and 3-OMG stream from the center to the periphery of the Aspergillus colony, but not vice versa, and that the presence of Woronin bodies does not impact long distance glucose transport.
Intercellular streaming of glucose within the periphery of the colony
Colonies of the wild-type A. niger strain N402 and strain RB#69.1 that expresses cytosolic RFP were incubated with the fluorescent glucose analog 2-NBDG. After 1 h, the entire N402 colony had taken up 2-NBDG (Fig. 3A) . Much less 2-NBDG was taken up when the medium also contained 25 mM maltose (data not shown), which can be explained by competition for uptake between glucose and 2-NBDG. The fluorescent analogue of glucose localized to the cytosol and the septa (Fig. 3D ) and accumulated in vacuoles after 4-24 h (Fig. 3E ). FRAP of cytosolic 2-NBDG was observed in the wild-type strain N402 within 1 min in 20 out of 20 hyphae after photo-bleaching a compartment (Fig. 4 ). This implies that 2-NBDG had been streaming from the left or right neighboring compartment to the bleached compartment. Strain RB#69.1 that expresses RFP under control of the promoter of the glucoamylase gene glaA was incubated with 2-NBDG to assess whether septal plugging blocks 2-NBDG transport. FRAP of RFP was not observed in compartments in which both septal pores had been plugged (Fig. 5C, F and G) . In contrast, FRAP did occur in the case of 2-NBDG (Fig. 5B, E and G) . The relatively low recovery observed for 2-NBDG to its initial fluorescence level can be explained by the fact that the vacuoles contained most of the 2-NBDG before bleaching and that recovery of fluorescence was not observed in the vacuoles within this time frame. A recovery rate of $50% was obtained within parts of hyphae lacking vacuoles (as is seen in Fig. 4D ). From these data it is concluded that septal plugging is not blocking intercompartmental streaming of glucose, but blocks intercellular streaming of RFP.
Glucose concentration is higher in wide hyphae than in thin hyphae
A. niger strain N402 was grown as sandwiched colonies on MM with 25 mM maltose as a carbon source. Light microscopy revealed the presence of two types of hyphae within the sub-periphery and more central parts of the colony. Thin hyphae (2.4 lm ± 0.3) that were orientated more-or-less randomly and a second hyphal type that was more than twice as wide (6.4 lm ± 0.7) and traversed from the center toward the colony periphery over long distances (Fig. 6 ). Glucose uptake of 2-NBDG was significantly higher (p = 0.008) in wide hyphae when compared to thin hyphae with mean pixel values (in arbitrary fluorescence units) of 32.6 (28.0-37.2; 95% confidence interval) and 24.5 (21.3-27.8), respectively. This was measured in regions of interest of $250 lm 2 within 20 leading hyphae of each population. These data indicate that wide hyphae contain a higher glucose concentration than thin hyphae.
3.4. Hyphae that highly express glaA take up more glucose than hyphae that lowly express glaA 2-NBDG uptake was co-localized with dTomato expression from the promoter of the glucoamylase gene glaA to assess whether high transcriptional activity correlates with high glucose uptake. To this end, 1-day-old xylose-grown colonies of CB-A109.1 were transferred to MM with 200 lM 2-NBDG, followed by a transfer after 18 h to MM agar medium containing 25 mM maltose. The latter induced dTomato expression from the glaA promoter. After 6 h, optical Z-stacks were produced of the colony periphery and maximum intensity projections were made (Fig. 7A) . Fluorescence intensities resulting from dTomato and 2-NBDG were quantified for more than 200 leading hyphae. Both glaA expression (dTomato) and glucose uptake (2-NBDG) showed heterogeneity within the hyphae at the periphery of the colony. Two populations of hyphae could be distinguished: one that highly express glaA and shows high 2-NBDG uptake, while the other showed low glaA expression and low 2-NBDG uptake ( Table  2, Figs. 7 and 8A and B) . The Pearson correlation coefficient of dTomato and 2-NBDG fluorescence signals was 0.84.
Discussion
Nutrients can be transported over long distances in a fungal mycelium (Jennings, 1994) . Hyphal fusion plays an important role in long-distance translocation of nutrients in Neurospora crassa (Simonin et al., 2012) . This was shown by the severely reduced transport of nutrients in a soft mutant (Dso) that lacks hyphal fusion. Even a 50% reduction in hyphal fusion frequency, as occurs in the Dprm-1 mutant, results in decreased nutrient translocation rates. Translocation of nutrients and organelles in N. crassa is also facilitated by its open septa (Hickey et al., 2002; Simonin et al., 2012) . Notably, most septa are closed in A. niger (Bleichrodt, 2012) and hyphal fusion has not been observed. Yet, we showed here that glucose was efficiently transported from the center to the periphery of the mycelium. Glucose transport was not increased in a hexA deletion strain that does not form Woronin bodies and, as a result, has only open septa. Labeling with 2-NBDG provided an explanation for this paradox. This fluorescent glucose analogue accumulated in the cross walls of the septa, implying that it had been transported across the plasma membrane lining the cross walls. Glucose transport across the plasma membrane is mediated by transporters that belong to the MFS class (Nelissen et al., 1997) . These permeases typically consist of 12 transmembrane domains that form a channel in the cell membrane. They allow the passive passage of sugars down a concentration gradient. Interestingly, the hexose transporter mstE was found to localize to septa in A. nidulans (Forment et al., 2006) . This suggests that intercellular glucose transport is mediated by hexose transporters in the septa.
Wide hyphae were shown to traverse from the center to the sub-periphery of the A. niger colony. These hyphae are also present in N. crassa (Steele and Trinci, 1975; McLean and Prosser, 1987; Bistis et al., 2003; Lew, 2005) , where they are called 'leader or trunk' hyphae. Cytoplasmic bulk flow in these hyphae is uni-directional toward the colony periphery and exhibits velocities as high as 60 lm s À1 (Lew, 2005) . 14 C labeling showed that glucose transport was also uni-directional to the colony periphery in the case of A. niger. Transport of the sugar from the periphery to the colony center was not observed. Indeed, the wide hyphae showed a higher concentration of the glucose analoque 2-NBDG than thin hyphae. It is likely that wide hyphae mediate the long-distance uni-directional glucose transport observed from the center to the periphery of the colony. We observed trans-lateral movement of glucose in the periphery of the colony (Fig. 2) . For this, the leading hyphae would have to transport glucose back to wide hyphae that then transport it to a neighboring sector at the outer part of the colony. Sectors that are exposed to a non-nutritious substrate would benefit from transport of nutrients from the center of the colony or from sectors of the periphery that are colonizing a nutritious substrate. This proposed bi-directional translocation phenomenon was observed at least for the transport of a nitrogen source in the basidiomycete Phanerochaete velutina (Tlalka et al., 2007) .
Recently, it has been shown that septal plugging maintains hyphal heterogeneity Bleichrodt, 2012) . Here, we demonstrated that septal plugging is not a barrier for glucose transport within the colony. It is tempting to speculate that other molecules are transported via transporters that reside in the plasma membrane lining the cross-walls. The regulated insertion or removal of such transporters would thus provide a mechanism for selective inter-hyphal or inter-compartmental transport of nutrients. The origin of hyphal heterogeneity is not known. It may be that the capacity to take up the carbon source glucose is key in the establishment of heterogeneity. The fact that hyphae with high transcriptional activity take up more glucose than hyphae with a lower transcriptional activity is consistent with this idea. Table 2 95% CI of the mean assuming a bimodal fluorescence distribution of glaA driven dTomato and 2-NBDG uptake in leading hyphae of strain CB-A109.1 when incubated for 18 h induced in the presence of 2-NBDG, and of glaA driven dTomato expression (6 h induced). N = sample size, CI (l1 lower/upper) and CI (l2 lower/upper) represent the confidence intervals of the lower and upper limits of population 1 and 2, respectively. CI (p1 lower/upper) represents the confidence interval of the lower-and upper limits of the participation fraction of population 1. 
